Power estimation of a DBD device supplied by a current source converter is studied in this article, pointing out the prominent contribution of the transformer parasitic elements. The impact of the stray capacitance and magnetizing inductance is stated and an iterative method that estimates the electrical power and DBD waveforms is presented. Results show that the magnetizing inductance can enhance the electrical power without changing the current ratings of the converter and that the stray capacitance must be minimized. Moreover, the experimental results reveal the need for a better DBD model to properly estimate the power. In consequence, an improved model is proposed and validated using a DBD excimer lamp in a wide range of electrical operating conditions. Index Terms-Current source, dielectric barrier discharge (DBD), electric model, plasma sources. 
I. INTRODUCTION
D IELECTRIC barrier discharges (DBD) are efficient nonthermal plasma sources, characterized by the presence of at least one dielectric barrier between the electrodes and the gas. This insulating layer prohibits the evolution to arc regime when the electrical power injected is increased [1] . Additionally, since the electrodes are not in direct contact with the discharge gas (being protected by the dielectric barriers), they are not subjected to wearing or corrosion, increasing the device lifetime [2] . Another very interesting property of DBD is its ability to create spatially homogeneous discharges, which allows uniform treatments [2] . According to these characteristics, many DBD applications can be highlighted as-surface treatment [3] , ozone generation [4] , biomedical science [5] , UV production [6] , and Manuscript decontamination of gases [7] . In this article, DBD excimer lamps are used for experimental purposes. These devices are ultraviolet sources that can produce UV radiation in a very narrow wavelength band (very interesting feature for germicidal processes and skin diseases treatment). In order to properly design power supplies for DBD applications, there are three important aspects to analyze. The first aspect is the electrical model-DBD are capacitive loads that can be modeled whether using very complex nonlinear equations that describe the DBD electrical and physical behavior [8] , [9] , or using models as simple as a resistance. The proper selection of the model has a tradeoff between its complexity and the accuracy of its results.
The second aspect is the interaction between the power supply and the DBD process. Several supply waveforms and their impact in DBD applications are reported, voltage-mode sources with sinusoidal or pulsed waveforms are the most common solutions [10] , [11] . These two alternatives have been widely compared in the literature, and the operation of DBD under pulsed voltage excitation has shown better results (considering the conversion of electric power to UV emission) [12] . It has also been observed that the discharge under pulsed supply conditions is diffuse and homogeneous [13] -it means that fast changes of the DBD voltage (with short rise time) allow a homogeneous discharge with better performances in the application [14] . However, when pulsed voltage waveforms are imposed, the capacitive nature of the DBD tries to force its own voltage, resulting in current peaks at the voltage edges. The duration and amplitude of these peaks cannot be easily determined since they depend on the rising and falling slopes of the voltage waveform. Therefore, the DBD electric power cannot be easily predicted, and the sizing and design of the power supply generally require oversized devices. On the other hand, the UV radiation has shown to be related to the current injected into the lamp [15] . Therefore, given the capacitive behavior of these devices, it is more suitable to use current-mode converters, that can control the UV and easily adjust the power [15] .
Finally, the last aspect concerns the parasitic elements of the power supply components. Those elements may play a crucial role in the definition of the electrical waveforms, and thus strongly impact UV production. Most of the converters for DBD require a step-up transformer that provides the high operating voltage (tens of kV). One of the most relevant parasitic effects in DBD systems is produced by the transformer equivalent capacitance, which draws part of the DBD current and may even prohibit the discharge ignition [16] , [17] . In order to avoid this, the step-up transformer can be eliminated [17] - [19] , however, the capacitances of the switches and other components may have similar effects [20] . Additionally, elements, such as the transformer magnetizing inductance, L m , and leakage inductance, L k , also affect the converter operation, since they resonate with parasitic and DBD equivalent capacitances. Even measurement instruments as voltage probes can alter the supplied waveforms, due to the low equivalent capacitance of DBD.
Analysis of power supplies considering those three aspects can be used to understand the limitations of the converters to obtain desired waveforms (generally, ideal operation minimizing the effects of the parasitic elements). But it can be also used to explore power converters taking advantage of those effects. [21] presents a comprehensive study of the effect of transformer parasitic elements on the performance of the square-shape current source, to decrease the design requirements of the transformer and to increase the power transferred to the lamp. This article is an extension of previous work [21] , in which the need for a better DBD model was pointed out, to extend the validity of the analysis in the case of short current pulses. Therefore, the present article aims to provide a more complete and accurate analysis of the square-shape current source with parasitic elements.
This article is organized as follows: First, a review of the classic DBD model is presented in Section II. Then, a description of the experimentation system will be given in Section III. Followed by the power supply analysis with the discussion about the parasitic effects of C p and L m . Afterward, in Section V, a comparison between the experimental results and the results is obtained with the classic and improved DBD model and is shown and validated.
II. DBD ELECTRICAL MODEL
DBD can be built using different configurations. The typical structure of a DBD excimer lamp is shown in Fig. 1 . It has a cylindrical coaxial geometry made up of quartz. The two concentric dielectric barriers contain a XeCl gas mixture. The inner electrode is a metallic rod, and the outer electrode is a metallic mesh wrapped over the quartz tube (dielectric). The mesh allows the UV to flow outside the lamp. The dimensions of the DBD excimer lamp are given in Fig. 1 .
One of the simplest electrical modeling approaches of DBD is the circuit shown in Fig. 2 . When the plasma is not ignited, the equivalent circuit is purely capacitive, and it consists of two capacitances connected in series. The C d capacitance represents the quartz walls, and C g represents the capacitance of the gas. The equivalent capacitance in this state, is C eq = (
The sum of the voltages across the gas, v gas , and the dielectric barrier, v die , equals to the DBD voltage, v dbd . The gas discharge is modeled as the conductance, G, in parallel to the capacitance C g . The gas discharge is obtained when the gas voltage reaches the breakdown voltage, V th . At this point, the gas acquires the behavior of an almost constant voltage source of V th value. In other words, before the gas breakdown (| v gas |< V th ), the DBD is modeled by the capacitance C eq ; and after the breakdown, the DBD is modeled by the connection between the capacitance, C d , and a constant voltage source of ±V th value (the sign depends on the direction of the current).
The charge-voltage plot (Q-V plot), originally introduced by Manley [22] , is a useful tool in the characterization and analysis of DBD. Fig. 3 shows the ideal QV plot of a DBD device. When the plasma is ignited, the Q-V plot forms a parallelogram. Each corner of the parallelogram represents a change of gas state during one full discharge cycle, T . The value of the DBD capacitances and breakdown voltage, V th , can be extracted directly from the parallelogram as shown in Fig. 3 [23] . Additionally, the total energy injected in one cycle is given by the area enclosed by the parallelogram, E dbd , and the total power dissipated can be calculated as the energy divided by the duration of the discharge cycle P dbd = E dbd /T . This simplified model gives an insight of the DBD electrical operation, and it has been successfully used for the analysis of different power supplies. For more precise representations, there are complex models including variable conductance models [24] , partial discharges [25] , and the memory effect [26] . In order to have an initial analysis of the studied power supply, this article will use the model presented in Fig. 2 , and then, based on the experimentation results some modifications will be proposed in section VI.
III. EXPERIMENTAL SETUP
The experimentation system consists of a DBD excimer lamp driven by a pulsed current source and a step-up transformer. All the measurement instruments and the power supply are connected to a control interface. The latter can perform automatic parametric sweeps of the power supply variables, recording the results of different operating conditions to simplify the experimentation and the data analysis. The DBD voltage is measured by a 200-MHz digital oscilloscope (LECROY HDO4024) connected through a 1000:1 voltage probe (TESTEC TT-SI 9010), and the current is measured using a current probe (LECROY AP015). The next sections present a detailed explanation of the power supply, operating principle, and the effects of the transformer parasitic elements.
IV. PULSED CURRENT SOURCE
To provide square current pulses, controlled in frequency, f , amplitude, J, and duty cycle, d, the power supply presented in Fig. 4 was proposed by [27] . The power supply consists of a dc current source, implemented with a two-quadrant chopper, connected in cascade with an H-bridge current inverter. With this topology, the current amplitude, J, is controlled by the dc current source and the frequency, f , and duty cycle, d, by the inverter. Fig. 5 shows the operation waveforms of the converter connected to the lamp, without taking into account the transformer stray capacitance C p , and magnetizing inductance, L m . As no parasitic elements are considered in this initial analysis, and the DBD waveforms and power is only controlled by the three degrees of freedom (J, d, f ), it will henceforward be referred as the ideal operation.
A. Ideal Operation
Because of the capacitive character of the DBD, in the ideal operation of the current-mode supply, the slopes of the voltage of the gas, v gas , and dielectric, v die , can be calculated using the injected current and the model of Fig. 2 . Accordingly, an expression for the DBD power can be easily deduced, as a function of the three degrees of freedom ( f , d, and J)
The duration of the discharge, T on , is calculated in (2), as the current pulse duration minus the time it takes to produce the gas breakdown, T br . Those times can also be deduced using the slopes of the voltages in Fig. 5 .
A detailed explanation of the working principle of the two cascaded converters is presented in [27] . To achieve the gas breakdown, a high enough voltage must be applied to the lamp (several kV). However, as the current source cannot withstand the required voltage, a step-up transformer with a winding ratio of 1:10 is required. The dc current source can deliver up to 14 A, in such a way, a maximum of 1.4 A and 7 kV across the DBD load can be generated. The frequency can be varied from 30 to 200 kHz and the current pulse duration between 300 ns and 10 µs.
B. Operation With Parasitic Elements
The transformer and its parasitic components introduce additional elements into the converter, altering its ideal behavior. Fig. 6 shows the equivalent schematic of the square shape current source connected to the lamp through the nonideal transformer. A parallel resonant circuit is established between the magnetizing inductance, the self-capacitance, and the equivalent capacitance of the lamp.
The lamp waveforms considering the parasitic elements are shown in Fig. 7 and can be compared to the ideal ones, shown in Fig. 5 . As can be seen, by including the transformer model, the behavior of the converter in the first half cycle can be described by three operating intervals (M 0, M1, M2), depicted in Fig. 8 . The second half cycle is symmetric to the first one and can be analyzed by analogy (M 0, M 1, M 2).
Given that the magnetizing inductance appears as a parallel branch, the current i eq is equal to the input current (ideal square current), i in , minus the magnetizing current i m . Therefore, during the interval M 0, −i m continues flowing through the lamp even though the input current, i in , is null (relaxation time). And in the intervals M 1 and M 2, i eq is increased by −i m . i eq represents the sum of currents flowing through the lamp and C p . Accordingly, the lamp current can be determined, considering a variable capacitive current divider. Before the ignition (M 0 and M 1), the current divider is defined by C p and C eq = (C d C g )/(C d + C g ). Once the lamp is ignited at t br , the current divider between C p and C d determines the current available to hold up the discharge and to transfer power into the gas (M 2).
The graphical state-plane technique can be used to analyze the resonant behavior of the current source for each operating interval. A detailed analysis using this technique is presented in [21] . However, due to the complex nonlinear relationships between the duration of the operating intervals, it is not possible to obtain a closed-form equation to describe the converter using this method, therefore numerical methods are required. A description of each operating interval is presented as follows.
1) Relaxation time, M 0: At the end of the negative current pulse, the lamp is turned OFF, its voltage reaches the peak value−V dbd and the relaxation time starts. Due to the resonance, the magnetizing current charges C g , C d , and C p simultaneously. Thus, the lamp voltage does not remain constant as in the ideal case. The equivalent circuit of the interval is presented in Fig. 8(a) . The resonance frequency is given by
2) Before breakdown, M 1: At t = (1 − d)T /2 the current pulse is injected, but the lamp remains OFF during the T br time. Between the intervals M 0 and M 1, v gas is completely inverted from −V th @t 0 to V th @t br when the gas breakdown occurs. 3) After breakdown, M 2: Once the lamp is ignited, it is modeled by the dielectric capacitance, Cd, in series with a V th voltage source (the sign is defined by the current direction). As the lamp is connected in parallel to Cp, the circuit can be reduced to its Thevenin equivalent circuit as shown in Fig. 8(c) , where V eq and C on are
Due to the change of the equivalent capacitance of the lamp, the resonance frequency must be redefined as w on = 1/ √ L m C on . This operating interval finishes when the current pulse ends, it means that T br + T on = dT 2 .
V. EFFECTS OF THE ELEMENTS OF THE TRANSFORMER
Numerical analysis is proposed to find the solution of the output waveforms under the effects of the parasitic elements. An iterative method to successively find better approximations of the DBD waveforms is proposed. This method starts with the ideal DBD voltage waveform (without the transformer effects), v dbd , to calculate the magnetizing current of the first iteration in the following:
where n is the iteration number. Once the magnetizing current has been calculated, the DBD current can be deduced using current divider formed between the parasitic capacitance and the DBD
Then, i dbd,n is used to solve the equations of the DBD model (8) and (9), and thus, to find the DBD voltage and DBD power v gas ,n = ⎧ ⎨ ⎩ 1 C g i dbd,n dt before breakdown ±V th after breakdown
These operations are recursively executed until the calculation of the DBD power converges. The numerical analysis is implemented in Matlab in order to achieve a fast estimation of the converter behavior [28] . Compared to simulation, with this method one can perform sweeps of supply and lamp parameters, using only a few iterations for the convergence. With a circuit solver, the simulation time required to get the steady state is much higher than the iterations used in our method. The resulting waveforms are compared with experimental results in the following sections.
A. Effects of the Magnetizing Inductance
Using the proposed method, the lamp power is calculated for three different duty cycles, d, at a fixed current intensity, J, and frequency, f , considering a large range of L m values. Fig. 9 shows the results, the dotted lines show the ideal power of the lamp (1). If the magnetizing inductance is large enough, the output power is close to the ideal case and its effects can be neglected. As the inductance decreases, the resonance frequency gets higher and closer to the switching frequency, f , increasing the magnetizing current and output power. In such a way, properly handled, a small magnetizing inductance can be used to increase the DBD power and reduce the size of the transformer.
As the magnetizing current charges the gas capacitance during the relaxation time, if this current is high enough, it could cause the ignition of the lamp even before the injection of the current pulse. Thus, in this mode, the ON time would be mostly controlled by the magnetizing current and not by the input current, i in . Fig. 10 shows the effects of C p in the output power for a fixed operating point and a high magnetizing inductance. As was previously explained, the parasitic capacitance draws part of the current i eq , decreasing the injected current and power to the DBD. When C p is comparable to the lamp equivalent capacitance, those effects are strong and they might even affect the ignition of the lamp. In order to have the maximum power injected into the lamp, the minimization of the parasitic capacitance of the transformer, and other parasitic capacitances, such as the switches or voltages probes, is necessary. However, given that the magnetizing inductance does not have to be maximized, the design of the transformer is less challenging and the parasitic capacitance can be minimized more easily with a smaller transformer. 
B. Effects of the Transformer Capacitance

VI. RESULTS
To validate the analysis presented in the previous section, experimental waveforms at different operating conditions were studied. The transformer used in the experimental setup has a turns ratio of N = 10, a magnetizing inductance of L m = 0.08 H, and a stray capacitance of C p = 16 pF . And the DBD excimer lamp parameters are: C d = 299 pF , C g = 119 pF , and V th = 1740 V . The parameter of the transformer and DBD were used in the analysis of all the numerical methods here presented. Figs. 11 and 12 present two of the studied operating points. The red lines show the experimental current and voltage of the DBD, and the blue lines show the waveforms calculated with the numerical method exposed previously. As can be seen in Fig. 11 , the voltage and current waveforms are similar to the experimental ones. This operating point is characterized by a high duty cycle. Under this condition, the proposed analysis works properly. However, when the duty cycle is reduced, the analysis is less accurate. Fig. 12 presents one operating point obtained under such conditions. As can be seen, after the current pulse ends, the experimental lamp voltage decreases rapidly, Fig. 13 . Improved DBD electrical model. while the calculated waveforms remain almost constant, creating a noticeable difference between them. This problem is not associated with the analysis here presented, but with the accuracy of the DBD electrical model used. Furthermore, high-frequency oscillations in the measured DBD current can be seen, these are mainly caused by a resonance between the leakage inductance of the transformer and the equivalent capacitance of the DBD and parasitic elements.
In order to have a better approximation, an improved model is presented in Fig. 13 . As can be seen in the experimental DBD voltage of Fig. 12 , the voltage drop tends to a negative exponential, therefore, a resistor in parallel to the gas conductance is included. The identification of the improved model parameters,
, uses the Q-V plot to obtain an initial set of parameters based on the parallelogram (initial conditions) and then performs a grey-box identification.
In the grey-box identification, the structure of the model (Fig. 13 ) and one observable state (DBD voltage, v dbd ) are known. In this way, the problem seeks to find the best set of parameters to approximate the observable state [29] . This can be formulated as an optimization problem which objective function minimizes the norm of the quadratic error between the experimental DBD voltage, v dbdEXP , and the estimated voltage, v dbdEST . The estimated DBD voltage is obtained solving the differential equations of the improved model (10)- (12) , with the experimental current, i dbdEXP , as input
To solve this optimization problem, the minimization of the error with respect to the set parameters has to be done iteratively. The objective of each iteration is to find the disturbance to the parameters that reduce the objective function. The Levenberg-Marquardt gradient algorithm was used to find the DBD parameters [30] . After using the grey-box identification, the obtained parameters of the model were: C g = 248 pF , C d = 73 pF , V th = 1600 V , and R g = 2900 Ω. These values are used henceforth in the analysis of the converter with the improved model. On the other side, the analysis of the square current source with parasitic elements, using the improved model, can be performed with the same method previously presented (Section V). However, the gas voltage calculation, (8) , must be replaced by (10) . Fig. 14 shows the results of three operating waveforms using both models. Red waveforms represent the experimental results, blue waveforms represent the numerical method using the classic model, and green waveforms represent the numerical method using the improved model. Additionally, the Q-V plot is included to compare the energy delivered to the lamp of each approximation (area enclosed by the parallelogram). In those figures, it can be seen that the improved model obtains better approximations of the DBD voltage than the classic model.
Additionally, Table I compares the values of the experimental power, the ideal power calculated with (1), the power obtained by the classic model, and the power obtained by the improved model for five different operating points. The first two operating points correspond to Figs. 11 and 12 , and the following three correspond to Fig. 14. As can be seen in Table I , there is a big difference between the ideal power (calculated without parasitic elements), and the experimental power. This can be explained by the model error, as well as, by the increase of the lamp current caused by the magnetizing inductance, as was previously mentioned. This proves that the DBD power can be highly enhanced without changing the ratings of the current source, but only through the design of a transformer with an appropriate magnetizing inductance. Furthermore, given that the stray capacitance is related to the number of turns of the transformer, a smaller transformer, with a smaller magnetizing inductance will decrease C p , achieving even better performances.
Finally, there is a noticeable enhancement in the accuracy of the DBD power estimation using the improved model. At high frequencies (last row of Table I), the effects of the parasitic elements are weak, therefore, the differences between the ideal power and the experimental power are mostly given by the error of the DBD model. At this point, as well as at low frequencies, better results are obtained with the improved model. The improved model proposed in this article has only been proven using DBD excimer lamps and a squarecurrent source, however, DBD setups with Q-V plots characterized by an almond shape as Fig. 14. (c) could make use of it. Further analysis of the characterization and use of the model with different DBD devices and supply waveforms is required.
VII. CONCLUSION
The analysis of the square current source, considering the effects of the parasitic capacitance and magnetizing inductance is presented and a numerical method is proposed and validated for finding the operating ratings and waveforms of the converter.
It is proven that the magnetizing inductance can be used to enhance the power delivered to the lamp, while the parasitic capacitance decreases it. Higher powers can be attained with small magnetizing inductance without changing the current source ratings. Moreover, without the restriction of the maximization of the inductance, smaller transformers can be used with smaller parasitic capacitances.
Very low values of magnetizing inductance can cause the ignition of the lamp before the current pulse, changing the operating mode of the converter.
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